INTRODUCTION
The estimation of the number of road crash injuries and the analysis of their severity have received a lot of attention in recent years, but their reliance on police reports makes them subject to bias because of the severe under-reporting (e.g., Elvik and Misen 1999; Farmer 2003; McDonald et al. 2009 ). A meta-analysis of studies about crash under-reporting showed that the official road crash statistics in Denmark contain only 21% of the hospital crash injuries, a staggering result when compared to rates between 25% and 88% for other countries included in the meta-analysis and between 25% and 57% in other European countries (Elvik and Mysen, 1999) .
Under-reporting rates vary considerably with the injury severity level and the road user type (e.g., Elvik and Mysen 1999; Farmer 2003; McDonald et al. 2009 ), and comparing police and hospital records in Denmark revealed that the police reports 97% of the fatalities, but only 48% of car occupant injuries and 10% of cyclist injuries (Elvik and Mysen 1999) .
Under-reporting rates are traditionally computed with the capture-recapture method that estimates the share of overlapping records in two different samples not representing the full population, while assuming sampling independence and homogeneity. The method has been criticized because of the inevitable violation of the two assumptions when computing road crash injuries: (i) sampling dependency occurs when the police calls emergency medical services and causes road crash injury under-estimation; (ii) sampling heterogeneity motivates stratification by injury severity level and road user type and causes road crash injury over-estimation (Jarvis et al. 2007) . Accordingly, most studies focused on subgroups of road crashes involving children or adolescents (Roberts and Scragg 1994; Morrison and Stone 2000; Dhillon et al. 2001) , pedestrians or cyclists (Roberts and Scragg 1994; Dhillon et al. 2001; Tin et al. 2013) , heavy vehicles (Meuleners et al. 2006 ), workrelated vehicles , and alcohol (Miller et al. 2012) . Several studies focused only on fatalities (Lateef et al. 2010; Kudryatsev et al. 2013) or serious injuries (Amoros et al. 2007 ), and only a few studies covered all injury and road user types (Aptel et al. 1999; Tercero and Andersson 2004; Abegaz et al. 2014; Yannis et al. 2014; Watson et al. 2015) . While modeling approaches have tackled sampling heterogeneity by analyzing the probability of hospital records being reported to the police (Yannis et al., 2014; Watson et al., 2015) , the probability of police records being reported to hospitals has not been analyzed. The likelihood of reporting road crashes to the police and hospitals is investigated with a joint binary logit model as a function of individual and crash characteristics and not only trauma type and severity. Model estimation allows comprehending the reasons for road crash injuries appearing in the hospital and/or police records, and understanding the heterogeneity in the reporting to the two authorities is essential for devising policy measures aimed at increasing the reporting rate by targeting specific road user groups or situational factors.
METHODS

Data
There were 27,199 road crash injuries reported to the hospitals or the police in Funen in the years 2003 to 2007: 12,637 appeared in the police records, 18,896 appeared in the hospital records, and only 4,334 appeared in both. Crashes involving motorized vehicles as well as solo cyclist crashes were included: of the latter, 4,963 were reported to the hospital, 92 to the police, and 132 to both.The police records were obtained from the Danish Road Directorate, which is the governmental agency that collects police reports on road crashes in Denmark.
Police reports include crash characteristics (e.g., roadway characteristics, surface conditions, weather conditions, speed limits), crash location (e.g., intersection, section, municipality), vehicles involved (e.g., make, model), and road users involved (e.g., civil registration number, injury degree, age, gender, residence). The hospital records were collected at three hospitals covering all of Funen (Odense, Svendborg and Middelfart). Hospital records include an AIS (Abbreviated Injury Scale) code with diagnosis codes related to trauma type, crash characteristics (e.g., number of vehicles involved, the involvement of vulnerable road users, crash location) and personal information of the patients (e.g., civil registration number, age, gender). Notably, road users can voluntarily report to the police or the hospital any road crash defined as an incident that happened on a road or place used by regular traffic and where at least one of the involved road users is a car driver, motorcyclist or cyclist. When called, police officers report the crash when there are injuries or material damage exceeding 7500 USD per vehicle. When admitted to hospitals, medical personnel reports the crash also for suspected injuries. As the Danish healthcare system is public, hospital compile records from both self-admittance and general physician referral and hence merging multiple hospital sources (Watson et al. 2015) is not required.
Injury severity levels are coded differently in the two databases. The police uses a 4-step scale where no injuries correspond to property damage and bruises, slight injuries require medical treatment, severe injuries result in temporary or permanent incapacity, and fatalities occur within 30 days from the crash. The hospital uses a 6-step AIS scale (Leth and Ibsen 2010) . Accordingly, the end result of the hospitalization is transformed into a 4-step injury scale to mimic the police scale and include injury severity in the analysis: ISS 1 was assigned to "no (or minor) injury", ISS 2 to 4 were assigned to "slight injury", and ISS over 5 was assigned to "severe injury" (Abay, 2015) .
Records are linked between the two databases via the individual (pseudo) civil registration number of the person involved in the road crash as recorded by the Danish Bureau of Statistics. This procedure obviates possible biases introduced by matching characteristics (e.g., date, gender, age) between police and hospital records (e.g., Amoros et al. 2006; Meuleners et al. 2006; Lateef et al. 2010; Thomas et al. 2012 ) that could imply false positive identification of matching records when they are highly similar but do not derive from the same road crash. Also, both databases are complete and accurate since police officers attend regular training courses for crash reports and follow strict reporting guidelines, while hospital personnel has specific training in classifying injuries and screening for suicides and sudden deaths before the road crash.
Capture-recapture method
Under-reporting rates are estimated with the capture-recapture method commonly used in ecology to estimate animal population size and in epidemiology to estimate disease spread. The method estimates the share of overlapping records in two independent samples (see Figure I ) while assuming that (i) the population is finite and closed, (ii) common records are unambiguously identified, (iii) records are independent, and (iv) records are homogeneously catchable.
[Insert Figure I about here]
A two sampled capture-recapture method estimates the total number N of road crash injuries in Funen by applying the Chapman capture-recapture formulary:
where p are the road crash injuries in the police reports, h are the road crash injuries in the hospital reports, and B
are the road crash injuries in both reports. Variance and 95% confidence interval for the estimate of N are calculated as:
In this study, the first assumption is plausible, as the records have been approved for release by the police and the hospitals, and the second assumption is met, as the (pseudo) civil registration number unambiguously links the road crash injuries in both databases. The third assumption is likely violated, in the case that the police informs the hospital about a road crash, and the fourth assumption is violated, as under-reporting is not random. This violation motivates the investigation of the heterogeneity in the reporting with a discrete choice model approach.
Joint binary logit model
A binary logit model estimates the probability that a road crash injury n appears in the database M given that the same road crash injury appears in the other database. While previous studies investigated the underreporting of police records in hospital records (Yannis et al. 2014; Watson et al. 2015) , this study examines also the under-reporting of hospital records in police records and hence overcomes the incorrect assumption that either sample represents the entire population.
The probability that a road crash injury n in one database appears in the other is a function of a vector X ni M of observable variables that include person characteristics, vehicles involved and injury severity (Watson et al. 2015) . While repeated involvement of the same road user in multiple crashes could violate the sampling independence assumption, in this study (i) only 2% of road users appeared in multiple crashes, (ii) 80% of these cases occurred over one year apart, (iii) 90% of these cases involved different third parties, and (iv) 99% of these cases had different severity outcomes. Accordingly, the assumption of sampling independence is reasonable. The estimation of the joint binary logit models provides insight into the differences between the scale factors μ P and μ H whose ratio is estimated by normalizing the variance of the error ε P to unity and identifying the relative variance or scale for the error ε H (Hensher et al., 1999) . Estimation is performed by maximum likelihood and produces the estimates of the elements of vectors β, α, and γ, as well as the scalar μ P . Table 1 presents the results of the application of the capture-recapture method in order to estimate the total number of road crash injuries or suspected injuries in Funen for each of the years from 2003 to 2007.
RESULTS
Capture-Recapture Computation
Material damage only crashes from the police were included, as some of the road users involved in those actually were also included in the hospital records.
[Insert Table I about [Insert Table II about here] Table 3 illustrates the reporting rate recorded by the police for each transport mode. The results show that the police reports only about 6-7% of all slightly injured cyclists and 14-15% of all severely injured cyclists involved in a road crash in Funen. The problem is common to other vulnerable road users, as the police records only about 6-10% of the slightly injured and 27-44% of the seriously injured motorcyclists. Interestingly, the police records between 0% and 13% of the slight injuries and between 6% and 18% of the severe injuries on buses.
[Insert Table III about here] Table 4 presents the estimation of the joint binary logit models expressing the likelihood that a road user involved in a road crash reported to the police appears also in the hospital records, and vice versa. Given missing information, only 26,052 road users were considered for model estimation, with 18,263 in the hospital records, 12,062 in the police records, and 4,273 in both databases.
Joint Model Estimation
[Insert Table IV about here] The estimates uncover similarities in the matching likelihood. The probability of being recorded in both datasets is lower for males and higher for people under 18 years old. The likelihood for road crash injuries to appear in both datasets increases for severe crashes, seatbelt and helmet use, and morning peak crashes.
Moreover, comparable seasonal effects are observed, as reporting from police to hospital and vice versa seems more likely in the summer with respect to colder seasons.
Interestingly, the estimates reveal differences in the matching likelihood. With respect to car occupants, pedestrians are more likely to appear in both databases and cyclists are more likely to appear in either database regardless of analysing the reporting to the police or the hospitals. With respect to car occupants however, moped riders and motorcyclists are under-reported when checking whether police records appear in the hospital database, and over-reported when controlling whether hospital records appear in the police database. When considering the number of parties involved, both models express the same tendence but the likelihood of hospital records appearing in the police ones appears higher. In the hospital records, injuries to head, thorax and spine are more likely to be related to an increase in the probability of the crashes being also in the police records, in particular when spinal injuries are recorded. In the police records, there is not a significant effect of the level of education of the road user in reporting the crash also to the hospital, while larger roads and higher speed limits have an effect on the likelihood of reporting the police record also to the hospital.
Lastly, the estimation of the scale factor μ P with respect to the normalized scale factor μ H is significantly lower than 1 and indicates higher variance of the error term ε P , which in turns shows that the police dataset contains more noise than the hospital dataset.
DISCUSSION AND CONCLUSIONS
This study computed the total number of road crash injuries with the capture-recapture method, and then estimated the likelihood that a road crash injury reported to the hospital will be reported also to the police, and vice versa.
The total number of road crash injuries in Funen in the study period is estimated to be 4-6 times higher than the number reported in the hospital and police records. The highest under-reporting rates were registered among cyclists and motorcyclists, in line with recent studies (Yannis et al. 2014; Watson et al. 2015) , and in busrelated crashes. Expectedly, reporting rates increase with injury severity.
While the capture-recapture method is currently the best-practice approach to under-reporting estimation, results should be taken with caution. Model estimates reveal heterogeneity in the likelihood of reporting with respect to injury type, injury severity, road user, individual characteristics, and crash location. The likelihood of finding hospital records in police records is greater for: (i) children and adolescents under 18 years old; (ii) females; (iii) severe and fatal injuries, (iv) pedestrians, mortorcyclists and van occupants; (v) head, thorax and spine injuries; (vi) recorded seat-belt or helmet use; (vii) morning peak hours and summer time. The likelihood of finding police records in hospital records is greater for: (i) children and adolescents under 18 years old; (ii) females; (iii) severe and fatal injuries; (iv) pedestrians and van occupants; (v) recorded seat-belt or helmet use; (vi) involvement of other parties; (vii) roads with high speed limits and multiple lanes; (viii) morning peak hours and weekdays. The model estimates for the scale factors reveal that the police dataset contains more noise than the hospital dataset, and in general the loss of information in the police records confirms that road safety analysis relying on police data might be biased (e.g., Farmer, 2003; Abay, 2015) .
The estimation results from the model analyzing not only under-reporting to the hospital, but also under-reporting to the police, suggest a dependence of the police and hospital records in the case of severe injuries, injuries affecting consciousness and movements, and injuries that occur on high-speed multi-lane roads, which require inviting various emergency forces to the crash scene. Model estimation results also show heterogeneity in the injury reporting to both the police and the hospitals because of the road user individual characteristics, thus not only because of the road user type and injury severity outcome. These results confirm and extend previous findings (e.g. Amoros et al. 2007; Watson et al. 2015) , and allow agreeing with the conclusion that "injured people are not goldfish" (Jarvis et al. 2000) , namely that dependence and heterogeneity need to be accommodated in the estimation of the phenomenon of under-reporting.
A limitation of the study, and in general of police and hospital records, is that while the model estimates reveal that the reporting to the police and the hospital can be explained by individual characteristics, the data lack information about the reasons for under-reporting. Further research efforts should be directed to investigating the behavioural reasons for under-reporting to a specific authority by focusing on behavioral theories and service management approaches. 
